Peristalsis begins in the lung as soon as the smooth muscle (SM) forms, and persists until birth. As the prenatal lung is filled with liquid, SM action can, through lumen pressure, deform tissues far from the immediately adjacent tissues. Stretching of embryonic tissues has been shown to have potent morphogenetic effects. We hypothesize that these effects are at work in lung morphogenesis. In order to refine that broad hypothesis in a quantitative framework, we geometrically analyse cell shapes in an epithelial tissue, and individual cell deformations resulting from peristaltic waves that completely occlude the airway. Typical distortions can be very large, with opposite orientations in the stalk and tip regions. Apical distortions are always greater than basal distortions. We give a quantitative estimate of the relationship between length of occluded airway and the resulting tissue stretch in the distal tip. We refine our analysis of cell stresses and strains from peristalsis with a simple mechanical model of deformation of cells within an epithelium, which accounts for basic subcellular geometry and material properties. The model identifies likely stress concentrations near the nucleus and at the apical cell -cell junction. The surprisingly large strains of airway peristalsis may serve to rearrange cells and stimulate other mechanosensitive processes by repeatedly aligning cytoskeletal components and/or breaking and reforming lateral cell -cell adhesions. Stress concentrations between nuclei of adjacent cells may serve as a mechanical control mechanism guiding the alignment of nuclei as an epithelium matures.
Introduction
Peristalsis is a widespread transport mechanism, operating in systems from digestive to vascular to secretory to excretory. It is an ancient phenomenon, present in metazoa even as simple as cnidarians, and is hypothesized to have originated more than 600 Ma [1] . There are decades of research aimed at understanding the functioning of peristaltic transport by studying the fluid -structure interactions. Until recent computational advances permitted a wider range of models, analysis of peristalsis was done using simplified models, such as small-amplitude two-dimensional channel flow, which could be analysed with pencil and paper. These simple models yielded a rich understanding of the fluid mechanics. Peristalsis has more realistically been modelled as in an infinitely long tube, where it exhibits richly varied behaviours [2] [3] [4] [5] [6] [7] [8] . For example, although it may be initially counterintuitive, a peristaltic wave moving to the right creates reflux (counterflow) to the left [3, 4] . Other models have explained the phenomenon known as 'trapping', in which a toroidally rolling bolus of fluid moves with the peristaltic wave [3, 9] . Advances & 2016 The Author(s) Published by the Royal Society. All rights reserved.
in computation in recent decades have permitted the simulation of more complex or challenging peristaltic models (e.g. [10] ). The physics and engineering of open-ended peristalsis are thus by now well understood. Consequently, peristaltic pumping is not just an important natural transport mechanism, but also is widespread in industrial and medical use. However, until recently [11, 12] , there has not been any study of the mechanics of blind-ended peristalsis, let alone an understanding of its biological implications.
Airway peristalsis (AP) produces spontaneous phasic airway contractions and transient, reversible airway occlusions throughout normal lung development [13 -16] . AP begins as soon as the smooth muscle (SM) develops, concurrently with pseudo-glandular branching, and becomes more robust towards later stages of development.
Mechanical forces have widespread and potent influences on morphogenesis, through a variety of sophisticated mechanisms, at subcellular, cellular, multicellular and long-distance scales, by generation and sensing of tension and compression in tissues, and by generation and sensing of fluid flows (extensively reviewed in [17] ). Lung morphogenesis is no exception (reviewed in [18, 19] ): it is regulated by such diverse mechanical inputs as secretion [20] , fetal breathing movements [20] , tonic contractions [21] and peristalsis [22] .
Although AP has been shown to influence lung development (reviewed in [22] ), the mechanisms remain unclear, in part because treatments which reduce AP reduce branching, but the converse also holds: treatments that reduce branching also reduce AP [14] . In order to help disentangle these confounded phenomena, it would help to establish a mechanical basis for the interactions between AP and morphogenesis. Existing in vitro studies may not be relevant to a specific mechanical stimulus in vivo. 'When applying mechanical deformation to cells in vitro, it is very important to choose proper amplitude of cellular deformation to simulate different respiratory maneuvers' [18] . It is also important to choose proper orientation and timing. Establishing a rational geometric and mechanical basis for understanding AP will thus be crucial in designing and interpreting experiments.
In this paper, we examine the hypothesis [22] that AP critically modulates physical forces on airway cells, hence the patterning of branching morphogenesis and, ultimately, the overall growth of the lung [23, 24] . That verbal hypothesis is broad and does not specify the location, direction, timing, magnitude or control of those physical forces, all of which would have specific biological implications. Thus, it is worth making the effort to make that broad verbal hypothesis more specific, detailed and quantitative. In many experimental systems, it is not possible to perform an adequately controlled experiment to cleanly distinguish between hypotheses, but in a mathematical model, it is possible to construct a quantitative framework which can not only distinguish between confounded factors, but in some cases rule out some hypothesized mechanisms. For example, in a similar system, the occluded static embryonic lung, we began with a broad mechanical hypothesis [25] and constructed a suite of models examining more specific quantitative aspects of the mechanics, and identifying locations and directions of the relevant tissue stresses and stretches [26] . In that case, our models showed that for stretch reception to be driving enhanced branching in the static occluded lung, there must be non-uniform tissue stiffness or non-uniform mechanoreception, because the location of maximum stresses is not where the branching occurs.
In two recent papers [11, 12] , we analysed the dynamics of the fluid-structure interactions in the partially occluded embryonic lung undergoing peristalsis. Peristalsis is very different in the cases of partial occlusion (PO) and complete occlusion (CO). For PO, tissue deformations are relatively small away from the immediate vicinity of the contraction [12] , but the flow can be substantial, dramatically increasing mixing and longitudinal transport of lumen contents, which may have a morphogenetic effect [11] . For CO, the flow is negligible but the tissue deformations can be very large, due to the fluid trapped distal to the pinch, and the increase in pressure. In PO, where flow is substantial, there may be flow sensing by primary cilia; we predicted that such flowsensing cilia would not be found distal to SM, where flow is negligible, and that flow-sensing cilia would be longer near the end of the SM, where flow velocities are small [11] . But mechanosensing could also be from tissue stretch, which is small in PO.
In order to refine the verbal stretch-reception hypothesis in the peristaltic context by more specifically determining the physical forces and substantial tissue distortions of CO, in this paper, we develop and analyse geometric and mechanical models of completely occluded peristalsis in the embryonic airway, and estimate the relationships between tissue geometry, cell geometry, tissue stretch, cell stretch and subcellular stretch and stress.
Modelling assumptions

Airway geometry and histology
In order to focus on the most fundamental aspects of embryonic AP, we model the embryonic lung as a radially symmetric tube with a liquid-filled lumen (figure 1). We neglect tissues other than the epithelium and focus our attention on the relationship between overall constriction of the tubule causing occlusion of the lumen and the resulting deformation of the epithelium. This idealized unbranched shape corresponds to the beginning of the pseudo-glandular period, the period of branching. The simplified geometry and histology also models the immediate vicinity of a distal tip of a later branched embryonic stage. Thus the same model, using different parameters describing tissue stiffness, size, etc. can model two morphogenetic stages.
For geometric analysis, we modelled the relaxed airway epithelial geometry as an unbranched cylindrical tube of uniform thickness, with a hemispherical tip of the same inner and outer radii as the stalk (figure 1b). While there are wellestablished methods for measuring microelasticity of tissues, and tissue stiffness is coupled to nuclear viscoelasticity [27] , quantifying or even defining single-cell stiffness within a tissue is problematic for a variety of reasons including internal heterogeneity, complex dynamic response and the observation that cells within a tissue are different from isolated cells. However, a great deal of insight can be gained from a simple model. Therefore, tissue was modelled as having uniform linear elastic isotropic material properties, so that distortions of the tissue exactly determine distortions of the cells. We assumed that, on the timescale of AP, growth and swelling can be neglected, i.e. cell and tissue volume remain constant.
Peristaltic distortions of tissue morphology
In our models, peristalsis consists of a wave of contraction propagating from trachea to tip. In contrast with our previous models of PO [11, 12] , we assume that occlusion is CO, and lumen fluid does not leak, so lumen volume is conserved. We estimate the deformations of individual cells in the epithelium with a simple, purely geometric model, by accounting for conservation of lumen volume and cell volume. Deformation analysis neglects changes in tubule length, which are small relative to radial and circumferential strains. The apical epithelial surface is distorted far more by CO than by PO (as studied in [11, 12] ). In CO, apical surfaces come into contact, but it is unknown whether, in crosssection, CO is symmetric, like a sphincter, asymmetrically ovaled, like a pinched hose, or gathered into folds. In this paper, for simplicity and in the absence of evidence to the contrary, we model CO of the epithelial tubule as compression of the apical surface's cross-section to a single point, without buckling.
Cell packing, shape and size
The epithelium is modelled as one cell thick, with uniform cell shapes and uniform packing everywhere in the stalk, and everywhere in the tip. Tip cells are modelled as truncated cones. Stalk cells are modelled as uniform slices of a cylinder (figure 1d). We assume that on the timescale of AP, cell rearrangements, if any, (e.g. convergent extension) can be neglected. One study [28] 
Subcellular model
We also analyse how tissue-scale deformations translate at a finer scale to cellular deformations and stresses, using a cell-level mechanical model, which includes some basic subcellular details. For the subcellular stress analysis, we model cells in two dimensions, corresponding visually to transverse or longitudinal cross-sections of stalk or tip. Cells are modelled as incompressible, elastic, under large plane strain, with uniform isotropic stiffness; in simulations, the nucleus is assumed to be three times as stiff as the cytoplasm but it can be many times stiffer [32] . The epithelial layer is given a uniform basal boundary displacement, compressing or stretching it.
The subcellular model was implemented in a finiteelement (FEM) package, COMSOL. Numerical convergence required approximating Poisson's ratio as 0.45. For compression, the free apical surfaces were computationally defined as contact surfaces to prevent penetration of nearby boundaries. The contact problem in COMSOL involves adding a penalty function for distance, and is solved using an augmented Lagrangian method. For expansion, to ensure computational convergence at a geometric singularity, the apical cell -cell junction was given a small-radius rounding and a very fine mesh. 
Geometry of cell packing in a simple epithelium
In order to understand distortions of cell shape, we first need to understand the cells' initial shapes. A simple epithelium can be defined as comprising a single layer of cells bridging the space between the basal lamina and lumen. The local geometry of an epithelium determines the aspect ratios of the cells in it, and the aspect ratios of the cells' faces. Conversely, the geometry of the cells packed in an epithelium determines the overall shape of the epithelium, and ultimately its function.
Although individual cells in an epithelium can have quite different shapes and dimensions from their neighbours, notably due to differentiation and point in the cell cycle, it is useful to consider an 'average cell shape' in a regularly packed arrangement. The average cell in a simple epithelium has six neighbours, each with two hexagonal faces (apical and basal) and six trapezoidal faces (lateral) (figure 2a,c,e,h). Some epithelia have a more pronounced hexagonal packing than others, which may be a biological response to physical stress [33] . For purposes of geometric analysis, in the interest of simplicity, we also model the cells' packing in a simple epithelium as a rectangular, rather than hexagonal, grid (figure 2b,d).
Regardless of any issues of hexagonal versus rectangular packing, we can make several generalities about the average aspect ratios of the cells in a simple epithelium. Simple epithelia are classified as squamous, cuboidal or columnar; this classification is determined by the average aspect ratios of the cells' lateral sides. Note that the proportions of a cell change dynamically during peristalsis: a cuboidal stalk cell may be transiently compressed by peristalsis into a columnar cell, and a cuboidal tip cell may be transiently stretched into a squamous cell. Dynamic changes in aspect ratio will be discussed in greater detail later.
The local curvature of the epithelium determines a large number of other details of cell geometry, and vice versa:
-If the epithelium is flat, we say it has zero curvature. The apical and basal faces will be the same size and shape.
The lateral faces will be rectangular rather than trapezoidal (figure 2b). -An epithelial monolayer spheroid, or the round tip of a tubule or evagination, has a positive curvature, so its cells will have larger basal faces than apical faces. The lateral faces will be trapezoidal, not rectangular (figure 2c). The ratio of basal to apical areas and the angle of the trapezoidal lateral faces depend on cell height relative to the tissue's radius of curvature, i.e. how large the lumen is relative to the tissue thickness or cell height (figure 2c). Smaller monolayer spheroids have more asymmetric cell shape. -A straight epithelial tubule has two different curvatures: zero curvature in the longitudinal direction and positive curvature in the circumferential direction (figures 1b,c and 2a,d).
For conceptual simplicity (figure 2d), we can think of an average cell having four nearest neighbours, four lateral faces and two rectangular ends. The lateral faces seen in longitudinal section are rectangular, as in a flat sheet, but the lateral faces seen in transverse section are trapezoidal, as in a spheroid. As in the spheroid, the basal ends are larger than the apical ends, but they will not have the same shape: If the basal end has squarish aspect ratio (asp 1), the apical end will be elongated longitudinally (asp , 1). If the apical end is squarish (asp 1), then the basal end will be elongated circumferentially (asp . 1). This geometric result is independent of apicobasal surface shape: the same observation that we make for rectangularpacked cells (figure 2d ) is true for hexagonally packed cells (figure 2a,e). We can conclude (figure 2a) that if the apical end is ringed by actin cables under tension, and is round, that will force the basal end, on average, to be elongated circumferentially. Conversely, if the basal end is kept round by a nearby stiff nucleus, that will force the apical end, on average, to be elongated longitudinally. -A bent epithelial tubule also has two distinct curvatures, but on the bend's 'donut hole' side, one curvature is positive and the other negative (figure 2f ). This is also the case at a branch point (figure 2g): at a branch point, cells' lateral sides will be trapezoidal; the basal and apical ends will have orientations perpendicular to each other (figure 2h).
Distal expansion from complete occlusion
As the tissue begins at the lumen surface, and the lumen begins at the tissue surface, we estimate the tissue stretches in CO by modelling distortions of the lumen shape. We use the simple geometry of cylinders and spheres (figure 3), accounting for conservation of lumen volume. Cell distortions then duplicate local tissue distortions, to first approximation. For an unbranched uniform tube completely occluding from its proximal end for a fraction e of its length, the distal diameter will increase by a ratio (1 2 e) 21/2 , up to the limiting case when the tip becomes spherical (figure 3a-c). Cells adjacent to the lumen will be stretched on their apical ends in the circumferential direction by that diameter ratio; the basal ends will be stretched less. Once [32] rsfs.royalsocietypublishing.org Interface Focus 6: 20160031 the occlusion has propagated close enough to the tip to inflate it to a sphere, we can estimate the increase in diameter of the tip: if a length L (in tube diameters) of stalk fluid has inflated the tip, the tip's diameter has increased by a ratio of (1 þ 1.5L) 1/3 (figure 3d,e). We have observed in vitro pseudoglandular embryonic airway tips expanding approximately double in diameter due to AP [34] . That amount of expansion would be accomplished by propagating a CO a length of 14/3 5 diameters to the tip.
Geometry of epithelial stretching
Each cell in a tissue is subject to different stretches in the three directions ( figure 1c,d ). Cell distortion (strain) consists of lengthening or shortening in each of three directions: apicobasal (radial), proximodistal (longitudinal) and circumferential (hoop). Additionally, there is some shear (skew) distortion. However, if the tube and occlusion are radially symmetric, there is only one possible shear mode (figure 1c). Conservation of cell volume on the timescale of peristalsis requires that lengthening in one or two directions is balanced by shortening in the other ( figure 4) . figure 1b) . If AP stretches an airway tip, the tip cells' apical and basal areas increase, so its apicobasal height must decrease a corresponding amount, and that amount can be substantial (figures 1b and 4a). At a peristaltic stenosis, when the apical end of a cell is compressed to almost nothing, even though the tubule diameter is reduced, the epithelial cells in that compressed region must elongate in the apicobasal direction, and that elongation may be substantial (figure 4b).
In a straight tubular geometry, although an epithelial cell's apical surface is smaller than its basal surface, both stretch and compression (ratios) will always be greater at the apical surface than at the basal surface. For example, doubling the internal diameter of a branch tip (figure 4a) doubles the apical cell diameter and quadruples apical surface area, but stretches a cell's basal surface by a much smaller proportion. Similarly, CO (figure 4b) compresses the local basal surface a certain percentage, but compresses the local apical surface to zero area. These effects are modulated by lumen diameter: for a given epithelial thickness, the smaller the relaxed lumen diameter, the more pronounced is the difference in stretch ratios between the apical and basal ends of epithelial cells (figure 4, black and white bars), because the tissue curvature is greater.
At the tip, because of symmetry, conservation of cell volume mandates that apicobasal compression is exactly double the surface stretch (figure 4b). More interesting, perhaps, is that at the tip, circumferential (hoop) stretch and longitudinal stretch become identical, because the tip is locally spherical. A stalk cell is both shaped differently and stretched differently in the circumferential and longitudinal directions, but a cell at the tip would not be able to detect, from its shape or its stretch, which direction is circumferential and which is longitudinal.
Intracellular stretch and stress
Averaging spatially across several cells, the stresses on whole cells and their corresponding strains (or stretches) correspond to the stresses and strains of the tissue they make up. At a finer level, however, there are important localized stress concentrations at specific locations in the cell. Therefore, we developed a model of the subcellular stresses and stretches when a simple epithelium is deformed by peristalsis.
While the basal surface is bound to ECM, constraining its shape, the apical surface is free to change its shape. rsfs.royalsocietypublishing.org Interface Focus 6: 20160031
Thus, the apical end is under less stress than the rest of the cell. However, the geometry of the free apical surface concentrates stresses at the apical cell -cell junctions (figure 5), both in compression and in tension. This induces a tugging on cell -cell contacts, which has been shown to regulate the junctions themselves [35] . Because the free apical surface changes shape, there is a small shear stress (and strain) near the apical cell -cell junctions; elsewhere, there is negligible shear. Deformation of the tissue and its cells also deforms the nuclei. Nuclei are generally stiffer than the cytoplasm [36] . This causes localized stress gradients due to the stiffness mismatch, both in compression and in tension (figure 5). If nuclei of adjacent cells are aligned, there will be a band of stress concentration between nuclei (figure 5).
Discussion
It has been proposed [22] that prenatal AP may play a role in the development of the lung, because disruption of AP leads to hypoplastic lung development [14] . If we look for intermediate mechanisms of this influence, we make several broad hypotheses: (i) long-distance transport of morphogens [11] , (ii) flow sensing [11, 12] , and (iii) stretch sensing. We cannot correctly interpret the experiments without untangling these three potentially coupled intermediate mechanisms both with models and with additional more targeted experiments. The first two intermediate mechanisms are addressed in two papers [11, 12] , which develop a quantitative framework for hypothetical flow sensing and morphogen transport in the context of AP. This paper provides an analytical basis for interpreting potential mechanisms of the morphogenetic influence of AP through stretch sensing.
The most striking results of this paper come from a very simple geometric analysis. We point out that when a tubule is completely occluded by a peristaltic contraction, or when a distal tip is inflated by peristalsis-pumped proximal fluid, the stretches can be enormous, changing the aspect ratio, or surface area, or length, by double or more. Stretches that large can have the effect of fluidizing the cytoskeleton [37] ; even much smaller stretches should have a large effect on cell signalling, through breaking of adhesions, opening of channels, straightening of coiled polymers and alignment of randomly oriented polymers. As dramatic as these cell stretches are, they have hardly been considered at all in the development of the lung, even though we would not expect a cell to physiologically or developmentally ignore being cyclically stretched or squashed. We note that our analysis of the cell shape changes should hold regardless of the source of the occlusion, e.g. peristalsis or tonic SM contractions [21] .
A cell can only directly sense its immediate environment, yet our geometric analysis suggests that this local information could potentially provide a cell with a kind of positional information. Stretch is a change in length relative to some initial length. Thus, for a cell to sense its stretch, it must first have some sense of its baseline geometry. Can a cell tell what shape it is? If so, can it tell where it is? Cell shape strongly influences division orientation [38] and thereby morphogenesis [39] . Cell shape has been shown to determine cell fate (reviewed in [40] ), in part through regulating nuclear shape [41] via a linkage through the perinuclear cytoskeleton [42] . By examining how cells pack in a simple epithelium, our results (figure 2) can explain how a cell might infer positional information, as well as orientational and other anatomical information: cells packed close to uniformly in an epithelium have locally average shapes characteristic of the local curvature of the epithelium. The A static cell in a simple epithelium would obviously be able to tell which of its ends was apical and which basal, but determining where it is located in a tubule is less obvious. But a cell could, in theory, tell if it was most probably residing in a tip or a stalk or a cleft based on the local curvature of the epithelium, solely by knowing its own dimensions ( perhaps, e.g., by gauging microtubule length), on the assumption that its neighbours are of approximately the same dimensions. A tip is convex in both directions, which means that a tip cell's basal dimensions are both greater than its apical dimensions. Straight stalks are locally convex in the circumferential direction but flat in the longitudinal direction, so their cells must be of different aspect ratios on their apical and basal surfaces. A cleft (branch junction) is locally convex in one direction and concave in the other direction, so its epithelial cells on average have perpendicular orientations on their apical and basal ends. By the same geometric principles, a cell in a simple epithelium could also (in theory) detect the local tubule diameter, by comparing the ratio of its basal and apical ends, and its apicobasal length.
Morphogenetic mechanisms based on cell stretch would naturally depend on the location of the stretch. We analysed the deformations of epithelial cells in the stalk adjacent to SM contraction and in the tip of a tubule distended by AP ( figures 3 and 4) . Owing to geometry alone, the largest stretches and compressions are on the apical end of a cell. Cells stretched in one direction are compressed in another direction, and their aspect ratios can change dramatically in response to AP. These dramatic dynamic changes in aspect ratios of the cell volume and surfaces, also known as anisotropic strain, could function as a stress probe helping to organize cell packing in the epithelium [33] . A partial analogy can be seen in a box of long-grained rice: vibrating the box causes the rice to pack into a smaller volume, because it provides the opportunity for adjacent grains to align, which increases the packing efficiency. Another partial analogy is seen in a sweater suffering a short snagged loop: stretching the fabric a few times pulls the loop back in, restoring the geometric equilibrium of the knit.
While doubling or halving a length in a tissue corresponds to doubling or halving lengths in cells, specific locations in a cell will experience different stresses. Our model of subcellular stresses shows that while most stress is uniform, there are stress concentrations in the vicinity of the nucleus, and substantial stress concentrations at the apical cell -cell junction. We suggest that the large cyclic strains of AP may serve to rearrange cells and stimulate other mechanosensitive processes by repeatedly breaking and reforming lateral cell -cell adhesions. We further suggest that stress concentrations between nuclei of adjacent cells may serve as a signal guiding alignment of nuclei as an epithelium matures, in a process similar to the stress probing described above.
This paper presented a suite of models of geometry, volume conservation and elastic deformation of epithelia and their cells in embryonic AP. The models follow the principle of parsimony-maximizing the ratio of insight to complexity. Clearly, many of the assumptions built into them are simpler than observed reality, and once we have understood the simpler foundational models completely, we can examine where they deviate from the natural system that they model, and whether the differences in inputs and outputs are significant. Within this paper, we compare results of a simpler model which assumes uniform material properties everywhere (figure 4) with results of a more detailed/realistic model which reveals additional phenomena such as localized stress concentrations (figure 5). The comparison of different models' assumptions and results highlights which system features (e.g. a stiffer nucleus) are associated with which emergent behaviour (e.g. stress concentrations). Some model simplifying assumptions are biologically insignificant. For example, for algebraic simplicity, we used the approximation of no longitudinal strain. Making the model mechanically more precise by including the longitudinal strain would yield an insignificant improvement in accuracy, compared with much more substantial simplifying assumptions such as uniform material properties and a symmetrically occluded lumen.
Some model simplifying assumptions may have some biological significance worth examining. For example, this paper assumed identical cells everywhere in the epithelium.
Yet clearly, e.g., dividing cells are not the same shapes as non-dividing neighbour cells. Even among cells at the same stage in the cell cycle and the same general position in the tissue, there will be some morphological variation, e.g. in a pseudo-stratified epithelium, where the cells' lateral surfaces are not strictly perpendicular to the epithelial surface. Could local variation in cell shape potentially be a source of randomness determining local differentiation? Our analysis of epithelial curvature and its relationship to cell shape could potentially indicate positional information guiding oriented cell divisions [28] and the differentiation of airway epithelial tissues [43] . Our models in this paper also assumed complete conservation of volume of lumen fluid. In our previous papers [11, 12] , we analysed flows of lumen fluid through and proximal to the stenosis. But it is theoretically possible that peristaltic lumen pressure sufficient to distend the epithelial tip by a large amount is also sufficient to drive fluid distally through gaps in the pericellular space to the interstitium, which would certainly be biologically significant.
While this paper focused on epithelia, there are other tissues in the developing lung which are also mechanically responsive. Airway SM (ASM) is known to be sensitive to strain, increasing both differentiation and production of myosin and MLCK [44] ; AP in the embryo may also serve to stimulate ASM differentiation and hypertrophy. rsfs.royalsocietypublishing.org Interface Focus 6: 20160031
While this paper focuses specifically on the subtype of mechanotransduction classified as stretch sensing, there are of course other subtypes. A previous paper [11] discusses issues related to flow sensing and makes specific predictions as to the likely nature of flow-sensing mechanisms in the embryonic lung epithelium. This paper ignores flow sensing, and also ignores all tissues but the epithelium. It seems likely that there are multiple mechanisms of mechanotransduction operating in the embryonic lung, simultaneously, and that they affect each other, at least indirectly, but possibly directly (through mechanical coupling between cell components). It is not the goal of this paper to declare a comprehensive understanding of the interactions of all cell components, known and unknown. Rather, we aim to provide specific stretch and stress estimates relevant to the context of AP, as a guide to refining hypotheses and designing and interpreting experiments, which may ultimately lead to an improved understanding of mechanotransduction and morphogenesis in the embryonic airway.
